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Factors Involved in the Differentiation of TGF-j3-Producing 
Cells from Naive CD4 + T Cells: EL-4 and IFN-y Have 
Opposing Effects, While TGF-/3 Positively Regulates Its Own 
Production 



Robert A. Seder, 1 * Thomas Marth^ Myra C. Sieve * Warren Strober,* John J. Letterio,* 
Anita B. Roberts,* and Brian Kelsall* 

TGF-fi has been shown to play a central role in regulating inflammatory responses; thus, understanding the factors involved in 
the generation of TGF-fi-produdng cells could lead to interventions that are useful in effecting disease progression. In initial 
studies, the capacity of naive CD4 + T cells from TCR transgenic (Tg) mice to produce TGF-0 following primary and secondary 
stimulation was assessed. TGF-fJ, IL-4, or IFN-y production could not be detected from highly purified naive CD4 ^ocyte 
endothelial cell adhesion molecule (LECAM)-l high cells following primary stimulation for 36 h with plate^ound anti-CD3, anti- 
CD28 and IL-2. This population was subsequently used to study the differentiation of TGF-0- P roducing CD4 T cells. In further 
studies naive CD4 + /LECAM-l hi « h cells from TCR transgenic mice of both the BALB/c and B10.A backgrounds were stimulated 
with T-depIeted spleen cells (TDS) and specific peptide in the presence of various cytokines and/or cytokine antagonists for 5 days 
restimulated, and TGF-0, IL-4, and IFN-y production were measured. Priming conditions favoring high IL-4 product, on and/or 
low IFN-y p oduction greatly enhanced TGF-0 production in secondary cultures. Furthermore, the presence^ IL-10 ,n cultures 
was associated with an increase in TGF-fJ production following restimulation. The importance of IL-4 and IFN-y ,n regulating 
TGF-/3 production was confirmed in studies showing that cells from IFN-y 
IL-4 - ' - mice produced 

cultures significantly enhanced the production of TGF-0 

regulating its own production. The Journal of Immunology, 1998, 160: 5719-5728. 

TGF-0 production is an important negative regulator of inflam- 



e TGF-B, while cells from 

-^r^urd ™Tg7-^ Finally, the addition of exogenous TGF-0 to priming 

s Tinficantly enhanced the production of TGF-/J upon restimulation, demonstrating that TGF-fl has a role in self- 



Transforming growth factor-/3 is a largely inhibitory cyto- 
kine increasingly recognized as a key regulator of the in- 
flammatory response occurring in various types of infec- 
tious and autoimmune diseases (1-3). In studies of experimental 
infection with Leishmania species (1) and Toxoplasma gondii (2), 
infections that require vigorous Thl responses for effective immu- 
nity, more virulent disease occurs if infected animals are admin- 
istered TGF-/3, and less virulent disease occurs if animals are 
treated with anti-TGF-/3; not surprisingly, these effects were due to 
the ability of TGF-0 to inhibit Thl responses. In addition, in ex- 
perimental models of autoimmunity, such as experimental autoim- 
mune encephalomyelitis (EAE) (4-6) and experimental colitis (7), 
TGF-/3-producing cells inhibit the pathologic inflammatory re- 
sponse, while administration of anti-TGF-/3 either abrogates the 
protective effect of oral tolerization or exacerbates the underlying 
inflammation (5, 7). Taken together, these studies establish that 
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matory response. It is thus of considerable interest to determine the 
conditions that affect the differentiation of TGF-/3-producing cells. 

While the factors controlling the development of Thl and Th2 
cells have been well defined (8-13), relatively little is known con- 
cerning the factors controlling the development of TGF-0-produc- 
ing cells. On the one hand, there are several reports linking IL-4 
production to such development (14-16), but this has so far con- 
sisted of studies of whole tissues, bulk cell populations, and cell 
lines, which show that EL-4- and TGF-j3-producing cells develop 
under similar conditions. In addition, the requirement of EL-4 for 
TGF-0 induction was questioned by the studies of Powrie et al. 
(17), who showed that resolution of a TGF-j3-dependent experi- 
mental colitis occurs following adoptive transfer of CD4 + T cells 
from IL-4"' - mice. In addition, it has been reported that TGF-/3 
production could be enhanced by neutralization of EL- 12 and 
IFN-y (18) in the absence of an effect on IL-4 production, again 
indicating that the generation of TGF-/3-producing cells occurs 
independently of the Th2 response. These observations indicate 
that the factors influencing TGF-/3 production are less well defined 
than those regulating EFN-y and IL-4 production. 

In the studies reported here, we have addressed this latter point 
by examining the conditions under which naive CD4 + T cells dif- 
ferentiate into TGF-0-producing cells in vitro. We found that such 
differentiation occurs under priming conditions favoring induction 
of Th2 and inhibition of Thl responses. This finding was corrob- 
orated by the fact that primed CD4 + T cells from IL-4 - ' mice 
produced less TGF-/3, while cells from EFN-y ' mice produced 
more TGF-/3, when compared with cells from wild-type mice. In 
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further studies, we showed that addition of EL- 10 to primary cul- 
tures enhanced the amount of TGF-/3 and inhibited the amount of 
IFN-7 produced upon restimulation, consistent with the fact that 
inhibiting IFN-y directly (as noted above) or indirectly (i.e., via 
IL-10) leads to increased TGF-/3 production. 

Finally, we showed that TGF-/3 itself was able to strikingly en- 
hance production of TGF-/3 following restimulation. This effect is 
both direct, occurring independently of IL-4 and/or IFN-7, and 
indirect, occurring through the ability of TGF-/3 to inhibit IFN-7 
produced in priming cultures. 

Materials and Methods 

Animals 

TCR transgenic (Tg) 2 mice were produced as previously described (11). 
All mice used in experiments were heterozygous for the integration of TCR 
variable region Val 1 and V/33 chains and maintained by backcrossing to 
B10.A mice. Homozygous 6- to 12- week-old female OVA 323-339- 
specific and I-A d -restricted DOll.lOTCR-afl Tg mice (19) on a BALB/c 
genetic background were kindly provided by Dr. Dennis Loh (Washington 
University, St. Louis, MO). IL-4-deficient mice derived on a BALB/c 
background were obtained from Nancy Noben-Trauth (NIAID, Bethesda, 
MD) (20). IFN-7-deficient mice derived on a C57BL/6 background (21) 
were obtained from Genentech (San Francisco, CA). Virus-free B10.A and 
BALB/c female mice (6-12 wk old) were obtained from the Div IS ion of 
Cancer Treatment, National Cancer Institute (Frederick, MD). 

Tissue culture medium 

RPMI 1640 medium supplemented with 10% heat-inactivated FCS, peni- 
cillin (100 U/ml), streptomycin (100 /ig/ml), 1 mM sodium pyruvate, 
L-glutamine (2 mM), and 2-ME (50 ^M) was used for all primary stimu- 
lations. For all secondary stimulations, cells were cultured in serum-free 
medium in which Nutridoma SP was substituted for FCS (Boehnnger 
Mannheim, Indianapolis, IN). 

Peptide 

Peptides with the sequences corresponding to residues 88-104 of pigeon 
cytochrome c (KAERADI .IAYLKQATAK) and to residues 323-339 
riSOA VHAAHAE 1NEAGR) of OVA were synthesized by the National 
Institute of Allergy and Infectious (NIAID) Diseases Laboratory of Mo- 
lecular Structure. 

Recombinant lymphokines 

Recombinant mouse IL-2 and IL-10 were purchased from Genzyme (Cam- 
bridge, MA). Mouse rIL-4 was obtained by a baculovirus expression sys- 
tem utilizing a vector into which the IL-4 gene had been inserted by C. 
Watson (Laboratory of Immunology, NIAID). One unit of IL-4 is equiv- 
alent to -0.5 pg. Mouse rIL-12 was a generous gift of Genetics Institute 
(Cambridge, MA). Human TGF-B was purchased from R&D Systems 
(Minneapolis, MN). 

Antibodies 

Purified monoclonal rat anti-mouse IL-4 (11B11) (22) was pn^indby 
Verax Corporation (Hanover, NH). Rat anti-mouse IFN-y (XMG 1 .2) (23), 
lymphocyte endothelial cell adhesion molecule (LECAM)-l (MEL 14) 

(24) , was purchased from PharMingen (San Diego,. CA). Sheep anU-IL-12 
was a generous gift of Genetics Institute. Chicken anti-TGF-8 was pur- 
chased from R&D Systems. Anti-CD28 ascites was a generous gift of Dr. 
James Allison (University of California, Berkeley, CA). Ann-CD3 (2C1 1) 

(25) was a generous gift of Dr. Jeffrey Bluestone (University of Chicago, 
Chicago, IL). 

Preparation of accessory cells 

TDSs were prepared from B10.A mice or BALB/c mice as previously 
described (10) and used as APCs. There were no T cells noted in the TDSs 
as assessed by FACS. 



„„„„„„„ in this paper: Tg, transgenic; TDS, T-depleted spleen cell; 
LECAM, lymphocyte endothelial cell adhesion molecule; OVAp, OVA-peptide; 
CYTO-C, cytochrome c. 



Preparation of T cells 

CD4 + T cells from transgenic mice were prepared in the following manner. 
Pooled lymph node cells and spleen cells were removed from TCR/Tg, 
IL-4, or IFN-7 - '" mice (4-8 wk of age) and passed over a negatively 
selecting CD4 subset enrichment column (R&D Systems). Cells were then 
stained with phycoerythrin (PE)-labeled anti-CD4 and FITC LECAM- L 
These cells were subjected to FACS with a FACStar plus (Becton Dickin- 
son, Sunnyvale, CA). Postsort analysis revealed >99.6% CD4 + /LECAM- 
l 1 "* cells. 

Primary and secondary stimulation of Tg T cells 
For primary stimulation, CD4 + /LECAM- 1 high and CD4 + /LECAM-l'°"' T 
cells obtained by FACS were stimulated on plates coated with anti-CD3 
(10 jig/ml; PB-anti-CD3) plus soluble anti-CD28 (1:500 serial dilution of 
ascites) and IL-2 (10 U/ml) for 36 to 48 h in the presence of additional 
cytokines or cytokine antagonists. TGF-B, IL-4, and IFN-7 production 
were assessed in culture supernatants by cytokine-specific ELISA. 

For secondary stimulation, priming cultures were first established by 
adding 3 to 5 X 10 s sorted CD4 + /LECAM high T cells to individual wells 
of 24-well plates in a total volume of 1.5 ml of media with irradiated (1000 
rad) TDS cells, Ag (peptide or soluble anti-CD3), and various cytokines 
and anti-cytokines, as described in Results. After 48 h, cells were trans- 
ferred to 6- well plates and supplemented with 3 ml of fresh medium only 
for an additional 2 to 3 days to allow for further expansion. CD4 + T cells 
were then washed three times, and 1 to 2 X 10 s cells in a total volume of 
200 u.1 were restimulated on 96-well microtiter plates coated with anti-CD3 
(PB-anti-CD3) in the presence of soluble anti-CD28 (1/500 final dilution) 
and IL-2 (10 U/ml). Thirty-six hours later, supernatants were collected and 
estimulations were done in serum- 
s substituted for FCS. It should be 
cells were >99% CD4 + T cells. 



noted that, at the time of re 
Measurement of lymphokine production 

IFN-7 was assayed by a specific two-site ELISA with reference standard 
curves using known amounts of recombinant IFN-y. The lower limit of 
detection was 0.3 ng/ml. A cytokine-specific ELISA kit for IL-4 was pur- 
chased from Endogen (Boston, MA). The lower limit of sensitivity for the 
IL-4 ELISA was 3 U/ml. TGF-S1 and IL-10 levels were determined by 
ELISA from kits purchased from Genzyme. The lower limit of detection 
was 50 to 100 pg/ml for TGF-B 1 and 30 to 60 pg/ml for IL-10. All mea- 
„«k nf TfiF-B were done after supernatants were acidified as per the 



... .s of TGF-B 

instructions by the manufacturer. All TGF-8 detected was latent, since 
there was no TGF-B detected if the supernatants were not acidified. In all 
experiments, serial dilutions of supernatants were used to measure cytokine 
content for IL-4, IFN-y, and TGF-S to ensure that all values were obtained 
from the linear portion of the standard curve. In addition, IL-4, IFN-7, and 
TGF-B production were all assessed from the same supernatants. Super- 
natants were assayed in triplicate for all experiments. The SEM was <10% 



Statistical analysis 

Normally distributed continuous variable 

ing the Student t test. 



Following primary stimulation, CD4 + /LECAM- l hish (naive) 
T cells do not produce TGF-fr while CD4 + /LECAM- l ,ow 
(memory) T cells produce small amounts of TGF-fi 
In our initial studies, we determined the TGF-/3 production from 
naive and memory CD4 + T cells after primary stimulation in vitro 
in the absence of accessory cells. Accordingly, CD4 + /LECAM- 
l high and CD4 + /LECAM-l low T cells representing naive and 
memory cells, respectively, were obtained by cell sorting from 
DO 11. 10 OVA-TCR/Tg mice (BALB/c background) and stimu- 
lated on plates coated with anti-CD3 in the presence of soluble 
anti-CD28 and IL-2. After 36 h, culture supernatants were har- 
vested and assayed for secreted TGF-/3. 

As shown in Table I, CD4 + /LECAM- 1 high (naive) T cells in 
primary cultures produced low to undetectable amounts of TGF-6 
as well as low to undetectable amounts of IFN-7 or IL-4. In con- 
trast, CD4 + /LECAM-l low (memory) T cells stimulated in a similar 
fashion produced low but detectable amounts of TGF-/3 (205 pg/ 
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CD4 + / 
LECAM-l hlgh 


CD4~*7 
LECAM-l low 


CD4"7 
LECAM-l hieh 


CD4*/ 
LECAM-l' 0 " 


CD4 + / 
LECAM-l h ' gb 


CD4 + / 
LECAM-l low 


Expt. 1 

CD4 + T cells + PB-anti-CD3 
+ anti-CD28 + IL-2 
+IL-4 

+anti-IFN-7 
+anti-IL-4 


<100 

215 
<100 
<100 


205 

244 
293 
156 


<0.3 

<0.3 
(<0.3) 
<0.3 


1.6 

1.7 
(<0.3) 
1.9 


40 

(620) 
78 
(46) 


28,696 

(31,564) 
21,232 
(5,864) 


Expt. 2 

CD4 + T cells + TDS + OVAp 
CD4 + T cells + PB-anti-CD3 
+ anti-CD28 + IL-2 

+IL-4 

+anti-lL-4 


<100 
<100 

112 
<100 


329 
254 

253 
190 


<0.3 
<0.3 

<0.3 
<0.3 


2.2 
3.1 

3.5 
3.5 


<3 
150 

(1,400) 
(<3) 


5,036 
5,706 

(6,092) 
(216) 



" CD4-/LECAM-l b * h and CD4 + /LECAM- 1 ' 



in plates coated with anti-CD3 (PB-ai 



1 ^„.-, , ,~..„ „jtained by FACS were 

anti-CD28 + IL-2 for 48 h in the presence of IL-4 (1000 U/ml), anti-IFN- 7 (20 „g/ml), or anti-lL-4 (20 /ig/rri). TGF-p, IL^ and IFN-y pn_.. ^ 
assessed by cytokine-specific ELISA. The lower limit of detection for TGF-0 was <100 pgAnl; for L-4. <3 U/ml; for IFN-y, <03 r£mL Wues 
represent the means of triplicate cultures. In groups in which IL-4 or anti-IL-4 was added, the values for 1L- 
fhat these factors may affect the results of the ELISA. The SEM was <10% for all cytokines. These two ex 



ml) as well as substantial amounts of IL-4 along with low amounts 
of IFN-y. To determine whether these levels of TGF-/3 production 
could be influenced by the presence or absence of other cytokines 
in the cultures, we also stimulated cells in the presence of added 
cytokines and anti-cytokine Abs. As also shown in Table I, we 
found that the addition of EL-4, but not anti-EL-4 or anti-IFN-y, 
induced the production of small but detectable amounts of TGF-0 
(215 pg/ml) in cultures of naive (LECAM-l hish ) T cells, but none 
of these additions appreciably altered TGF-/3 production in cul- 
tures of memory (LECAM-l low ) T cells. 

In additional studies, the capacity of naive and memory T cells 
to produce TGF-/3 when stimulated with APCs (irradiated TDSs) 
and OVA-peptide (OVAp), rather than anti-CD3, anti-CD28, and 
IL-2, was determined. As shown in the second experiment in Table 
I, naive T cells stimulated with OVAp and TDS still do not pro- 
duce detectable TGF-/3, whereas memory CD4 + T cells produced 
both TGF-/3 and IL-4. Overall, these studies show that memory 
CD4 + T cells produce low amounts of TGF-/3 in association with 
the production of large amounts of IL-4 and minimal amounts of 
IFN-y, while naive CD4 + T cells produce little or no TGF-/3 upon 
primary stimulation in vitro. Thus, naive CD4 + /LECAM-I h,gh 
cells constitute a defined population of cells that is suitable for the 
study of the differentiation of cells capable of producing TGF-0 
following in vitro priming. 

Priming of naive CD4 + /LECAM- I high T cells (derived from 
either BALB/c or BW.A mice) for TGF-fi production is 
enhanced by the presence of IL-4 and absence of IFN-y in the 
priming cultures 

In light of the above studies, we next determined the ability of 
CD4 + /LECAM-l high (naive) T cells from TCR/Tg mice to un- 
dergo differentiation into TGF-/3-producing T cells when primed in 
vitro under various conditions in secondary cultures. In these stud- 
ies, we utilized CD4 + T cells from OVA-TCR/Tg mice derived on 
a BALB/c background (as in the studies above) as well as CD4 + 
T cells from cytochrome c (CYTO-C)-TCR/Tg mice derived on a 
B10. A background, recognizing that mice of these respective 
backgrounds produce different levels of EL-4 and EFN-y under 
"neutral" baseline priming conditions (i.e., in the absence of ex- 
ogenous cytokines) that could affect the generation of TGF-0-pro- 



ducing cells (12). Accordingly, naive CD4 + /LECAM-l h,gh cells 
from OVA-TCR/Tg mice and CYTO-C-TCR/Tg mice were stim- 
ulated in priming cultures for 5 days with TDS plus OVAp or 
CYTO-C peptide, respectively, then extensively washed and re- 
stimulated in secondary cultures with immobilized anti-CD3 plus 
soluble anti-CD28 and EL-2 for 2 days, after which cell culture 
supernatants were harvested and assayed for cytokines. As shown 
in Table II, depicting the mean values obtained from three inde- 
pendent studies, naive CD4 + T cells from OVA-TCR/Tg mice 
primed under these baseline conditions produced much higher lev- 
els of TGF-0 following secondary stimulation than similarly 
primed T cells from CYTO-C-TCR/Tg mice. In the studies of 
OVA-TCR/Tg mice (Table II, Expt.l), the high baseline produc- 
tion of TGF-0 by naive T cells was enhanced by the addition of 
IL-4 or anti-IL-12 plus anti- IFN-y to the priming cultures (p < 
0.05), whereas addition of anti-IL-4 diminished TGF-0 production 
(p < 0.05). Furthermore, in the studies of naive T cells from 
CYTO-C-TCR/Tg mice, the low level of baseline production of 
TGF-0 was enhanced by the addition of IL-4, either in the pres- 
ence (p < 0.05) or absence (p < 0.05) of anti-IL-12 plus anti- 
EFN-y in the priming cultures. Addition of anti-IL-12 plus anti- 
IFN-y alone to the priming cultures also led to an increase in 
TGF-jS production compared with what was produced under base- 
line priming conditions. These studies show that the baseline gen- 
eration of TGF-0-producing cells is influenced by the strain of 
origin of the naive CD4 + T cells. In addition, they show that re- 
gardless of baseline TGF-0 production, such generation is posi- 
tively regulated by priming in the presence of IL-4 and is nega- 
tively regulated by priming in the presence of IL-12 and IFN-y. It 
should be noted that, while it is likely that the ability of IL-12 to 
down-regulate TGF-0 is mediated through IFN-y, a direct role for 
EL-12 cannot be excluded (10). 

The results shown above also suggest that conditions leading to 
the differentiation of naive CD4 + T cells into TGF-/3-producing 
cells would also result in the induction of EL-4-producing cells but 
not to the induction of EFN-y-producing cells. To investigate this 
possibility, we measured EL-4 and EFN-y production from the same 
cultures used to assess TGF-/3 production to see whether there was 
a positive correlation between TGF-/3 and EL-4 production and a 
negative correlation between TGF-0 and IFN-y production. As 
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Table II. Priming for TGF-f} production in secondary cultures is correlated with high production of IL-4 
and low production oflFN-yfrom naive CD4 + T cells isolated from OVA-TCR/Tg or cytochrome c TCR/Tg 
mice" 



Priming Conditions 



Expt. 1: OVA-TCR/Tg mice (BALB/c) 
Sorted CD4 + /LECAM-l h,gh T cells + TDS 


499 ± 156 


11.8 ± 1.24 


12,916 ± 16,968 


+ OVAp + IL-2 
+IL-4 
+anti-IL-4 

+anti-IFN-7 + anti-IL-12 


924 ± 62* 
270 ±80* 
872 ±49* 


<0.3 
13.3 ± 8.6 
<0.3 


59,216 ± 39,281 

451 ± 320 
23,721 ± 13,473 


Expt. 2: CYTO-C-TCR/Tg mice (B10.A) 
Sorted CD4 + /LECAM-l high T cells + TDS 


191 ±60 


0.8 ± 0.6 


25 ±35 


+ CYTO-Cp + IL-2 
+IL-4 
+anti-IL-4 

+anti-IFN-7 + anti-IL-12 
+anti-IFN-7 + anti-IL-12 + IL-4 


704 ± 127* 
231 ± 93 
379 ± 56 
797 ± 167* 


<0.3 
2.5 ± 0.8 
<0.3 
<0.3 


24,445 ± 17,901 
20 ± 1 
911 ± 1,256 
3,945 ±1,071 



"Sorted CD4 + /LECAM- 1 hleh transgenic T cells (5 X 10') were stimulated for 4 days with TDS (3 X IBJ uv». . 
CYTO-C peptide (1 ^M). IL-2 (10 U/ml), with IL-4 (1000 U/ml) in the presence or absence of anti-IFN-7 plus anti-IL-12 (20 
^g/mi) oS-IL-4 (20 tglml). Cells were restimulated and assessed for production of TGF-0, IL-4. and IFN- 7 as outlined m 
Table I. Results from cell! obtained from OVA-TCR/Tg and CYTO-C-TCR/Tg are pooled from *ree separate "penmen^. 

j "*'~ts. Statistical analysis was performed by Student s t test. 



shown in Table II (Expt. 1), appreciable amounts of BL-4 and 
IFN-7 are present in supernatants of secondary cultures of cells 
primed under baseline conditions. Furthermore, addition of IL-4 or 
anti-IL-12 plus anti-IFN-7 to priming cultures led to an increase in 
both TGF-/3 and IL-4 production and markedly reduced IFN-7 
production. By contrast, addition of anti-IL-4 to the priming cul- 
tures led to a marked reduction in IL-4 production as well as a 
decrease in TGF-/3 production. Overall, these results show that 
increased TGF-/3 production occurs under conditions that favor 
high IL-4 and low IFN-7 production in secondary cultures. 

Finally, as shown in Table I, TGF-/3 production by CD4 + / 
LECAM-l low (memory) T cells stimulated with anti-CD3 plus 
CD28 plus IL-2 was not appreciably affected by addition of cyto- 
kines or cytokine antagonists to the cultures. This result suggests 
that TGF-/3 production from previously activated cells may be rel- 
atively unaffected by changes in the cytokine environment. To ad- 
dress this issue more directly, CD4 + /LECAM-l hi8h T cells were 
stimulated under baseline priming conditions and then restimu- 
lated in secondary cultures in the presence or absence of cytokine 



antagonists, after which TGF-B production was measured. Cells 
stimulated under baseline conditions as described above and re- 
stimulated with anti-CD3 plus CD28 plus IL-2 produced 801 
pg/ml of TGF-)3. TGF-B production following secondary stimula- 
tion in the presence of anti-IFN-7 or anti-IL-4 was 857 pg/ml and 
771 pg/ml, respectively. Thus, it is apparent that, once cells be- 
come committed to making TGF-|8 in priming cultures, they are 
relatively resistant to further regulation by IL-4 or IFN-7, at least 
over the 36-h time period of the restimulation culture. 

IL-10 enhances priming of CD4 + T cells for TGF-fi production 
Based on the observation that IL-10 is a potent inhibitor of IFN-7 
and IL-12 production, it was of interest to determine what effect 
IL-10 would have on the induction of TGF-B-producing cells. As 
shown in Table IIIA, in data from two independent experiments, 
the presence of IL-10 in primary cultures led to a twofold increase 
in TGF-B production in secondary cultures {p < 0.02). This was 
associated with a decrease in IFN-7. suggesting that the presence 



Table III. TGF-& production from primed CD4 + T cells is enhar 


teed by the present 


■e of IL-10 in primar) 


; cultures 






Secondary Stimul 


ation Conditions: CD4* 


T Cells + PB-anti-CD3 + 


anti-CD28 + IL-2 


Priming Conditions 


TGF-J3 (pg/ml) 


IFN-7 (ng/ml) 


IL-4 (U/ml) 


IL-10 (pg/ml) 


A. CD4 + /LECAM-l high T cells + TDS + OVAp + IL-2° 
+IL-10 

+ IL-10 + anti-IL-4 
+ anti-IL-4 


520 ± 86.7* 
959 ± 181* 
778 ± 59 
404 ±67 


7.5 ± 1.05 

I. 68 ±0.49 
5.9 ± 1.82 

II. 8 ± 1.94 


2,294 ± 1,285 
49,897 ± 25,025 
4,044 ± 2,021 
141 ± 116 




B. CD4 + /LECAM-l hieh T cells + TDS + OVAp + IL-2 C 
+IL-10 

+ IL-10 + anti-IL-4 
+ IL-4 


279 
775 
852 
1,309 






200 
610 
126 
>5,400 
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Sorted CD4 + /LECAM- 1 high T cells from IFN-7 ' mice 

CD4 + T cells + TDS + anti-CD3 + IL-2 513 ± 214 <0. 

+IL . 4 787 ± 243 <0. 

Sorted CD4 + /LECAM- 1 high T cells from IFN- 7 +/+ mice 
CD4 + T cells + TDS + anti-CD3 + IL-2 359 ± 167 2.4 ± 

+anti-IFN-7 + anti-IL-12 652 ± 96 <0. 

Total/unsorted CD4 + cells from IFN-7 _/ ~ mice 
CD4 + T cells + TDS + anti-CD3 + IL-2 978 ± 23" <0. 

+ anti-IL-4 685 ± 9.4 <0. 

Total/unsorted CD4 + cells from IFN-y +/+ mice 
CD4 + T cells + TDS + anti-CD3 + IL-2 312 ±110* 51.4 ±22.6 11 'I°! ± ^ 

+ anti-IFN- Y+ anti-IL-12 820 ± 36 6.7 ± 2.32 49.819 ± 19,833 

- In results combined from three independent experiments, totaVunsorted CD4 and sorted CD4 + /LECAM-l hi * ' T cells were isolated from IFN-7-'^ 
and IFN -v mice derived on a C57BL/6 background. In these experiments, CD4 + T cells were approximately 95% pure by FACS analyse (70-75% 
CmWcAM 1 * 20% CD4 + /LECAM'°») for both IFN-y - ' - and IFN- 7 +/+ mice (data not shown). Sorted CD4 + /LECAM-1"^ or total/unsorted 
CD4 + T ™ X loTwere stimulated for 4 days with TDSs (3 x 10«) from IFN-7"'- mice, soluble anu-CD3 (3 M IL-2 (10 U/ml) .n the presence 
of 1L-4 (1000 U/ml), anti-IFN-7 anti-IL-12 (20 ng/ml), or anti-IL-t (20 (.g/ml). Cells were restimulated and assessed for production of TGF-ft IL-4. and 

st in comparing TGF-jS produced from total/unsorted CD4 + T cells from 



29,194 ± 764 
2,055 ± 458 



" and IFN-7 +/+ mice. 



of IL-10 may exert a positive but indirect influence on the induc- 
tion of TGF-/3-producing cells through its inhibition of IFN-7. It 
should be noted that, while IL-4 production was also increased by 
the presence of IL-10, this did not appear to contribute to the 
increase in TGF-/3 production, since the addition of anti-IL-4 did 
not substantially diminish production of TGF-0. 

It has recently been demonstrated that the presence of EL-4 or 
IL-10 in priming cultures leads to the outgrowth of cell lines ca- 
pable of producing IL-10 and, in some cases, TGF-/3 as well (26). 
This led us to study the role of IL-4 and IL-10 in regulating prim- 
ing for IL-10 production so as to determine whether there was a 
correlation between induction of IL-10 and TGF-/3. In an experi- 
ment addressing this point (Table IIIB), addition of IL-10 to prim- 
ing cultures in the presence or absence of anti-IL-4 led to a three- 
fold increase in production of TGF-/3 following restimulation, 
consistent with what was seen above. In addition, the presence of 
IL-10 also led to a threefold increase in EL- 10 production that was 
abrogated by addition of anti-IL-4, suggesting that IL-4 had a role 
in the induction of IL-10-producing cells. This was supported by 
the finding that addition of IL-4 to priming cultures led to a strik- 
ing increase in the production of EL- 10 following restimulation. 
These results show that optimal priming for EL- 10 and TGF-/3 are 
somewhat different. While the EL-10 effect of TGF-/3 priming is 
independent of IL-4, the IL-10 effect of EL-10 priming appears 
dependent on EL-4. 

The ability of IL-4 to enhance both TGF-/3 and EL-10 raises the 
question of whether IL-4 is enhancing TGF-/3 indirectly through 
IL-10. To address this possibility, naive CD4 + /LECAM-l h,gh T 
cells from EL-10-deficient mice and control wild-type mice were 
primed under neutral conditions or in the presence of EL-4, and 
TGF-j3 production was assessed following restimulation. CD4 + T 
cells from IL-10"'" mice stimulated under neutral conditions pro- 
duced 245 pg/ml of TGF-fJ compared with 600 pg/ml from control 
mice, demonstrating that EL-10"'" mice make relatively less 
TGF-/3 than do control mice. Furthermore, addition of EL-4 to 
cultures of EL-10"'" mice increased TGF-/3 production from 245 
pg/ml to 635 pg/ml, providing strong evidence that EL-4 can induce 
TGF-/3 in the complete absence of EL-10. 



CD4 + T cells from IFN-y ' mice have an increased capacity 
to produce TGF-fi 

Since IFN-y appears to inhibit TGF-|8 priming, we next wished to 
determine whether CD4 + T cells from IFN-y"'" mice were biased 
toward increased TGF-/3 production. In these studies, CD4 + / 
LECAM-1 hish (naive) T cells from IFN-y"'" and IFN-7 +/+ mice 
were stimulated in priming cultures under baseline conditions in 
the presence or absence of cytokines and/or cytokine antagonists 
and were then evaluated for their production of TGF-/3, IL-4, and 
IFN-y following restimulation under baseline conditions in sec- 
ondary culture. As shown in Table IV, in results combined from 
three independent experiments, TGF-/3 production by cells from 
EFN-y~'~ mice primed under baseline conditions was modestly 
increased over that of similarly primed cells from IFN-y +/+ mice. 
Furthermore, the addition of IL-4 to priming cultures of cells from 
IFN-y"'" mice resulted in a modest increase in both TGF-0 and 
EL-4 production. Finally, addition of anti-EFN-y plus anti-IL-12 to 
priming cultures containing naive cells from EFN- 7 +/+ mice re- 
sulted in an increase in TGF-/3 production similar to the amount 
detected with EFN-7"'" mice primed under neutral conditions. 
These data are thus entirely consistent with the effects of EFN-7 
and IL-4 on priming for TGF-/3 obtained in normal mice. In ad- 
dition, they emphasize the fact that naive CD4 + T cells from IFN- 
7"'" mice can be positively primed by IL-4 to produce increased 
amounts of TGF-/3, providing evidence that IL-4 has a direct pos- 
itive effect (i.e., IFN-y independent) on the differentiation of TGF- 
/3-producing cells. 

In additional experiments, we studied TGF-/3, IL-4, and IFN-7 
production from total/unsorted CD4 + T cells from IFN-7"' and 
EFN-y +/+ mice following in vitro priming and restimulation, since 
this cell population contains a minor population of LECAM ow 
(memory) CE>4 + T cells that reflect in vivo priming and could thus 
influence the in vitro priming of the majority population of 
LECAM-l high (naive) CD4 + T cells. It should be noted that, in 
these experiments, comparison between total/unsorted CD4 + T 
cells from IFN-y"'" and IFN-y +/+ (wild-type) mice are valid, 
since these populations contained similar numbers of naive and 
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Table V. CD4 + T cells from IL-4 ' 



DIFFERENTIATION OF CD4 + T CELLS INTO CELLS PRODUCING TGF-/3 
mice have decreased capacity to produce TGF-P after priming" 



Expt. 1 

Sorted CD4 + /LECAM-l high T cells from IL-4 mice 
CD4 + T cells + TDS + anti-CD3 + IL-2 
+anti-IFN-y + anti-IL-12 
+IL-4 


243 ± 140* 
344 ± 199 
500 ± 288 


8.2 ± 4.7 
2.8 ± 1.6 
2.2 ± 1.3 


<10 
<10 
<10 


Sorted CD4 + /LECAM-l high T cells from IL-4 +/+ mice 
CD4 + T cells + TDS + anti-CD3 + IL-2 
+anti-IL-4 


679 ± 392" 
509 ± 294 


1.97 ± 1.1 
9.76 ± 5.6 


16,358 ± 9,444 
832 ± 480 


Expt. 2 

Total/unsorted CD4 + T cells from IL-4 mice 

CD4 + T cells + TDS + anti-CD3 + IL-2 

+anti-IFN-y + anti-IL-12 
Total/unsorted CD4 + T cells from IL-4 +/+ mice 

CD4 + T cells + TDS + anti-CD3 + IL-2 

Anti-IL-4 


351 

916 
ND 


54.0 
<0.3 

<0.3 
ND 


<10 
<10 

63.692 
ND 


Expt. 3 

Total/unsorted CD4 + T cells from IL-4 mice 

CD4 + T cells + TDS + anti-CD3 + IL-2 

+anti-IFN-y + anti-IL-12 
Total/unsorted CD4 + T cells from IL-4 + ' + mice 

CD4 + T cells + TDS + anti-CD3 + IL-2 

+anti-IL-4 


411 

660 

1,509 
402 


29.8 
5.9 

3.6 
33.3 


<10 
<10 

31,906 
1,602 



Cnl^ECA^^ m (^Pe« N?- 2 and No. 3) were stirnufcued for 4 days with TDS 

or anti-IL-4 (20 pglml). Cells were restimulated and assessed for product™ of TGF-0, IL-4, and IFN-y as outhned i, 
nt of TGF-p produced by IL-4"'" and IL-4 +/ ' 



IL-4"'" and IL-4 +/+ mice derived on a BALB/c background. Sorted 



memory cells (see Table IV legend). As shown in Table IV, total/ 
unsorted CD4 + T cells from IFN-7 - ' - mice primed under base- 
line conditions produced threefold more TGF-/3 (p < 0.002) and 
two- to fourfold more IL-4 compared with similarly primed cells 
from the IFN-7 + ' + mice. Furthermore, addition of anti-IL-4 to the 
priming cultures led to decreases in both TGF-/3 and IL-4 produc- 
tion. The fact that neutralization of IL-4 in priming cultures using 
total/unsorted CD4 + T cells from IFN-7 - ' - mice diminishes both 
IL-4 and TGF-/3 provides additional evidence that IL-4 has a direct 
positive (EFN-7-independent) effect on the generation of TGF-/3- 
producing T cells. 



IL-4 is not essential for TGF-fi priming 

The data presented so far suggest an important role for IL-4 in the 
generation of cells producing TGF-|3, either directly or via an in- 
fluence on IFN-7 production. To further address the role of IL-4 in 
TGF-/3 production, we performed studies similar to those de- 
scribed above with IFN-7 - ' - mice with both CD4 + /LECAM-l h,gh 
(naive) T cells and total/unsorted CD4 + T cells derived from EL- 
4-' - and IL-4 +/+ mice (both on a BALB/c background). As 
shown in Table V, in results combined from three independent 
experiments, naive T cells from IL-4"' - mice primed under base- 
line conditions and then evaluated for cytokine production after 
secondary stimulation produced two- to threefold less TGF-S than 
similarly primed cells from IL-4 +/+ mice (p < 0.02). This in- 
creased production of TGF-/3 from cells of IL-4 +/+ mice occurred 
concomitantly with high production of IL-4 but little IFN-7 in the 
secondary culture. Furthermore, addition of EL-4 to the priming 
cultures led to a two- to threefold increase in TGF-0 by cells of 
IL-4 - ' - mice, while addition of anti-IFN-7 plus anti-IL-12 to the 



priming cultures was associated with only a modest increase in 
TGF-/3 production by cells from these mice. 

As also shown in Table V (Expts.2 and 3), total/unsorted T cells 
from IL-4 - ' - mice primed under baseline conditions and then 
evaluated for cytokine production after secondary stimulation pro- 
duced three- to fourfold less TGF-J3 than cells from IL-4 + ' + mice 
primed in a similar manner. This observation, taken in conjunction 
with the observation that the addition of anti-IL-4 to priming cul- 
tures of cells from IL-4 + ' + mice greatly diminished TGF-/3 pro- 
duction in secondary cultures (Expt.3), is consistent with the view 
that IL-4 — while not essential — may be important for optimal gen- 
eration of TGF-/3-producing cells. Finally, addition of anti-IFN-7 
plus anti-IL-12 to the priming cultures of total/unsorted cells from 
IL-4 - ' - mice led to a 50% increase in the production of TGF-S in 
both experiments, consistent with IFN-7 having a negative influ- 
ence on TGF-S induction. These data thus provide further support 
for the idea that IFN-7 has a direct negative (IL-4-independent) 
effect in the generation of TGF-S-producing cells. 

While the above results clearly show that cells producing 
TGF-J8 can differentiate in the absence of EL-4, they do not rule out 
the possibility that other Th2-type cytokines such as DL-13 operate 
in the absence of IL-4 to influence TGF-S induction. To address 
this possibility, studies of cells from EL-4 - ' - mice were conducted 
in which EL-13 or a neutralizing Ab to EL-13 was added to the 
priming cultures. CD4 + /LECAM-l high T cells from IL-4"'- mice 
primed under baseline conditions and restimulated produced 386 
pg/ml of TGF-/3. Addition of IL-13 or anti-IL-13 to priming cul- 
tures induced 340 pg/ml and 396 pg/ml of TGF-/3, respectively, 
following restimulation. Based on these data, it is unlikely that 
IL-13 regulates TGF-/3 production in these mice. 
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Table VI. The presence of TGF-fi in priming cultures enhances 



the amount of TGF-fi produced following secondary 





Secondary Stimulatic 


in Conditions: CD4 + T Cells 
anti-CD28 + IL-2 


+ PB-anti-CD3 + 


Priming Conditions 


TGF-/3 (pg/ml) 


IFN-7 (ng/ml) 


IL-4 (U/ml) 


Expt. 1 

CD4 + /LEC AM- 1 high T cells + TDS + OVAp + IL-2 
+IL-4 
+TGF-/3 


801 
1,227 
1,322 


2.8 
<0.3 
<0.3 


1,424 
112,158 
646 


Expt. 2 

CD4 + /LECAM- 1 high T cells + TDS + CYTO-Cp + IL-2 
+TGF-0 (5 ng/ml) 
+TGF-/3 (1 ng/ml) 
Expt. 3 

CD4 + /LECAM-l high T cells + TDS + CYTO-Cp + IL-2 
+TGF-/3 
+anti-TGF-/3 
+IL-4 (1000 U/ml) 
+IL-4 (1000) + TGF-/3 


150 
550 

180 

393 
225 
412 
419 


1.8 
ND 
ND 

<0.3 
<0.3 
<0.3 

<0.3 


<10 
<10 
<10 

<10 
<10 
94 

<10 


Ex P l - 4 „ 
CD4 + /LECAM- 1 high T cells + TDS + CYTO-Cp + IL-2 
+TGF-J3 
+anti-TGF-/3 
+ IL-12 

+II.-12 + TGF-6 


350 
822 
404 
239 
655 


<0.3 
<0.3 
<0.3 
44.9 
6.5 


99 
43 
230 
<10 
<10 



- Sorted CD4 + /LECAM-l h * h transgenic T cells (5 x 10 s ) from cytochrome c TCR/Tg or OVA-TCR/Tg were stimulated for 4 days v 
lO^SSeTi or .L-l 00 uZ in the presence of anti-IL-4 (20 .g/ml). IL-12 (1 J^„^ 0 ' 
anti-human TGF-/3-1 (10 ug/mi). Cells were washed extensively recultured m serum-free med.a, and resumulated x _io ce ^ 
with anti-CD3 (PB-anti-CD3) + soluble anti-CD28* IL-2 for 36 h. Sup. 
ELISA. Values represent the means of triplicate cultures. The SEM wa 



re harvested and TGF-8, IL-4, and IFN-y content was measured 



TDS (3 x 
ng/ml). or 
plates coated 
'by 



The presence of TGF-fi in priming cultures has a positive effect 
on the generation of TGF-fi-producing cells 
Recognizing that cytokines, e.g., IL-4, play an important role in 
their own regulation, we next studied the effect that TGF-/3 itself 
had on the induction of TGF-/3-producing cells. As shown in Table 
VI, stimulation of naive CD4 + T cells in priming cultures in the 
presence of TGF-/3 (using T cells derived from either OVA (Expt. 
1) or CYTO-C-TCR/Tg (Expts. 2-4) mice) led to enhanced 
TGF-/3 production in secondary cultures. These data are consistent 
with two potential mechanisms of such self induction: 1) a direct 
effect of TGF-/3 on T cells; and 2) an indirect effect mediated by 
the ability of TGF-j3 to inhibit IFN-7 production. Evidence in sup- 
port of an indirect effect through inhibition of IFN-7 is shown in 
experiment No. 1 using CD4 + T cells from OVA-TCR/Tg, in 
which the presence of TGF-/3 in priming cultures and enhancement 
of TGF-/3 production in secondary cultures was associated with 
complete inhibition of IFN-7 production in secondary cultures but 
no increase in the production of IL-4. In addition, in experiment 
No. 4, partial reversal of the enhancement of TGF-0 priming by 
the presence of TGF-/3 in the primary cultures was seen by the 
addition of EL- 12 to the priming cultures, which was associated 
with increased IFN-7 production. Evidence in support of a direct 
effect of TGF-/3 on TGF-/3 induction is shown in experiments No. 
2 and 4 using CD4 + T cells from CYTO-C-TCR/Tg mice. In these 
studies, addition of TGF-jS to priming cultures resulted in a two- to 
fivefold increase in TGF-/3 production in the absence of detectable 
IFN-7 production. Thus, TGF-j3 is able to positively regulate its 
own induction. 

We also evaluated the effect that TGF-/3 had on priming for 
TGF-/3, IL-4, and IFN-7 production when added to priming cul- 
tures in the presence of IL-4 or EL- 12. The addition of TGF-0 to 
priming cultures in which EL-4 was also added (experiment #3) 
abrogated the increase in IL-4 production normally seen with 
priming in the presence of IL-4 alone but maintained priming for 



TGF-0 production. Furthermore, the addition of TGF-/3 to priming 
cultures in which IL-12 was also added abrogated most of the 
increase in IFN-7 production following restimulation caused by 
EL-12. Thus, the presence of exogenous TGF-/3 in priming cultures 
appears to have a negative regulatory influence on IL-12 and IL-4 
priming for IFN-7 and EL-4, respectively, but still augments the 
amount of TGF-jS produced in secondary cultures. Finally, it 
should be noted that in all of the studies reported here, priming 
cultures were done in complete media containing 10% FCS that 
itself contained approximately 100 pg/ml of TGF-/3 by ELISA 
(data not shown). Since addition of anti-TGF-0 did not alter pro- 
duction of any of the cytokines tested (Table VI), it is unlikely that 
the levels of endogenous TGF-jS present in the cultures influences 
priming for TGF-J3. 

Discussion 

The approach to the study of the regulation of TGF-/3 production 
adopted here is that used previously to characterize the conditions 
necessary for priming naive CD4 + T cells for Thl or Th2 differ- 
entiation (i.e., IFN-7 or IL-4 production, respectively). Using this 
system, we first showed that CD4 + /LECAM-l high T cells (naive) 
did not produce detectable TGF-/S or IL-4 36 h after primary stim- 
ulation under baseline conditions. This indicated that naive T cells 
were a suitable starting point for evaluating factors regulating the 
differentiation of TGF-|3-producing T cells. By contrast, CE>4 + / 
LECAM-l low (memory) T cells produced measurable, albeit low, 
amounts of TGF-/3 under baseline conditions; the level of TGF-0 
produced by these cells was not appreciably influenced by the 
presence or absence of IL-4 or EFN-7, cytokines shown to influ- 
ence TGF-0 production of naive T cells (see below). Thus, CD4 + 
T cells expressing a marker consistent with previous activation 
appear to be relatively resistant to further regulation following 
short-term in vitro stimulation. It should be noted, however, that 
such nascent memory cells may later regain some ability to be 
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regulated, since LECAM-l low (memory) cells isolated from mouse 
lymphoid cells and then primed for several days and restimulated 
produced variable amounts of TGF-6, depending on the conditions 
present in the priming culture (our unpublished observations). 

In further studies, we showed that two somewhat interrelated 
priming conditions favor the differentiation of naive CD4 + T cells 
into cells producing TGF-/3: one was the presence of IL-4 and the 
second was the presence of the Thl cytokine antagonists, anti- 
IL-12 plus anti-IFN-y Abs, in the priming culture. This was seen 
most dramatically in cultures of naive TCR/Tg CD4 + T cells de- 
rived from a strain of mice (B10.A) that produces relatively low 
amounts of TGF-6 under baseline conditions but was also seen 
with similarly stimulated cells derived from a strain of mice 
(BALB/c) that produces relatively high amounts of TGF-6 under 
baseline conditions. Moreover, this result was supported by the 
fact that the emergence of TGF-/3-producing cells in secondary 
cultures correlated with the induction of cells producing low 
amounts of EFN-y and high amounts of IL-4. 

Additional support for the importance of low EFN-y and high 
IL-4 during priming for induction of TGF-0-producing cells was 
obtained from studies of IFN-y -/ " and IL-4 - '" mice. The most 
informative finding in these studies was that total/unsorted CD4 + 
T cells (containing both LECAM-l high (naive) cells and LECAM- 
l low (memory) cells) of IFN-y - ' - mice produced far higher levels 
of TGF-6 after priming under baseline conditions than did similar 
cells of IFN-7 +/+ controls; this correlated with the lack of IFN-y 
in cultures containing cells from the IFN-y"'" mice. Conversely, 
total/unsorted CD4 + T cells of EL-4 - ' mice produced far lower 
levels of TGF-/3 after priming under baseline conditions than did 
similar cells of IL-4 +/+ control mice. This correlated with the high 
levels of IFN-y and lack of IL-4 in the cultures containing cells 
from the IL-4"'" mice. Finally, the presence of IL-10 in priming 
cultures leading to increased TGF-6 production in secondary cul- 
tures was associated with decreased IFN-y. This ability of IL-10 to 
regulate TGF-/3 may help explain why IL-10"' - mice have a pro- 
pensity to develop inflammatory colitis (27). Taken together, these 
studies provide strong support for the view that the generation of 
cells producing high amounts of TGF-6 occurs under conditions 
that are similar to those required for the induction of Th2 cells, 
namely low amounts of IL-12 and IFN-y and high amounts 
of IL-4. 

Based on the conclusions above, one major mechanism by 
which IL-4 and IL-12/IFN-y reciprocally regulate the differentia- 
tion of TGF-j3-producing cells is via the capacity of these cyto- 
kines to cross-regulate one another. This, however, should not ob- 
scure the fact that the data obtained show that both IL-4 and IFN-y 
have direct (opposing) effects on TGF-6 production. The evidence 
for a direct effect of IL-4 is supported by preliminary studies that 
show that highly purified naive CD4 + T cells primed with PB- 
anti-CD3 in the absence of APCs (and thus in the absence of cells 
capable of producing IL-12) differentiated into cells producing 
TGF-6, provided that IL-4 was added to the culture (data not 
shown). In addition, as shown here in experiments with cells from 
IFN-y - ' - mice, the presence of anti-IL-4 in the priming cultures 
diminished the production of TGF-/3 in secondary cultures, and the 
presence of IL-4 in the priming cultures augmented the production 
of TGF-6 in the secondary cultures, demonstrating that IL-4 has a 
direct effect on TGF-6 production. With regard to the mechanisms 
by which IL-4 can directly influence TGF-6 production, two pos- 
sibilities should be considered. One is that EL-4 has a specific effect 
on the differentiation of nascent TGF-j3-producing cells, and an- 
other is that IL-4 enhances TGF-6 production in ceils already com- 
mitted to producing TGF-6- Some evidence for the latter possibil- 
ity is inherent in the fact that the TGF-6 promoter contains a 



potential STAT 6 binding site, and STAT 6 has been specifically 
linked to IL-4 signaling functions. There is also evidence to show 
that IFN-y is an independent regulator of TGF-6 production. This 
includes the fact that the generation of TGF-6-producing cells oc- 
curs in the complete absence of IL-4 (i.e., IL-4"' - mice) and that 
addition of anti-IFN-y plus anti-IL-12 to priming cultures of tdtal/ 
unsorted cells from IL-4 - '" mice caused an increase in TGF-6 
production in secondary cultures. In addition, cells from IFN-y ' 
mice produced more TGF-6 than did cells from IFN-y +/+ mice, 
even if the latter' s production of EL-4 was blocked by the presence 
of anti-EL-4 in the priming culture. In considering all these data, 
we would conclude that the regulation of the differentiation of 
TGF-6-producing cells with regard to IL-4 and IFN-y consists of 
at least three components: 1) a direct positive effect of IL-4 that is 
important for optimal generation of TGF-6-producing cells; 2) an 
interactive effect of IFN-y and IL-4 whereby IL-4 down-regulates 
IFN-y production and responsiveness to IL-12 or IL-4 enhances 
EL- 10 production, leading to increased production of TGF-6; and 
3 a direct negative effect of EFN-y that ensures that, in low IFN- 
y/EL-12 environments, TGF-6 can be produced regardless of the 
presence of EL-4. 

A final issue of interest is the role of TGF-6 itself in the regu- 
lation of Thl/Th2 responses, as well as it role in its own induction. 
With regard to TGF-6 regulation of Thl/Th2 responses, previous 
in vitro and in vivo studies have yielded contrasting results. Sev- 
eral reports have shown that TGF-6 enhanced the generation of 
Thl cells in vitro (28, 29); however, recent work by Schmitt et al. 
(30) showed that TGF-6 can promote or inhibit Thl development 
depending on the mouse strain used and the amount of IL-2 present 
in the priming culture (31). In vivo studies are also discordant as 
to the role of TGF-6 in regulating Thl/Th2 responses. In experi- 
mental models of toxoplasmosis or leishmanial infection, TGF-6 
administration clearly inhibited the generation of a Thl response 
(1, 2). By contrast, TGF-6 administration to mice infected with 
Candida albicans delayed progression of disease concomitant with 
lower levels of IL-4 but not of EFN-y (32). In the present studies, 
we also examined the role of both endogenously produced and 
exogenously added TGF-6 in the priming of naive CD4 + T cells 
for IL-4 and EFN-y production as well as for TGF-6 production. 
We found that addition of TGF-6 to priming cultures containing 
IL-12 markedly reduced the induction of EFN-y production; it 
should be noted, however, that this inhibition was not Thl specific, 
since the addition of TGF-6 also suppressed the generation of 
EL-4-producing cells. In addition, in Table IILB, the presence of 
TGF-6 in priming cultures markedly enhanced induction of TGF- 
6-producing cells but did not appreciably alter production of EL- 10 
following restimulation (data not shown). Thus, the addition of 
TGF-6 to priming cultures has a direct positive effect on the gen- 
eration of TGF-6-producing cells as well as an indirect effect me- 
diated by the ability of TGF-6 to inhibit EFN-y production. This 
ability of TGF-6 to positively regulate its own production is con- 
sistent with several previous reports showing that TGF-6 1 en- 
hanced mRNA expression from a variety of transformed cell lines 
(33-35); however, while these data provided evidence for auto- 
regulation of TGF-6 expression by TGF-6 L they were not done 
using normal primary CD4 + T cells. In addition, further studies 
demonstrated that mRNA expression of TGF-6 and secretion of 
protein may not be correlative (36). Thus, our studies provide the 
first evidence that TGF-6 may be the central mechanism control- 
ling TGF-6 production from naive CD4 + T cells. Furthermore, as 
alluded to above, the presence of high amounts of EL-4 and low 
amounts of EFN-y may set up the conditions for initial TGF-6 
production. Then TGF-6, via its production, establishes a positive 
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feedback loop that can further enhance the magnitude of its 
production. 

One possible caveat to the above conclusions is that the in- 
creases in TGF-/3 production under the various priming conditions 
studied were on the order of two- to fivefold, which are substan- 
tially lower than the concomitant changes in EL-4 and EFN-7 pro- 
duction. In addition, the absolute amount of TGF-/3 produced by T 
cells is lower compared with the amounts generated of the other 
cytokines. It should be pointed out, however, that in an in vivo 
model of inflammatory colitis, two- to fourfold differences in 
TGF-/3 production had a clear effect on suppressing colitis follow- 
ing oral administration of Ag (7). Furthermore, abrogation of re- 
sponses of this magnitude by administration of anti-TGF-/3 led to 
reestablishment of disease. Finally, while CD4 + T cells may not 
necessarily be the major source of TGF-/3 in vivo, it is clear from 
studies of Powrie et al. that transfer of purified CD4 + T cells is 
sufficient to inhibit colitis in a TGF-/3-dependent manner (17). On 
the basis of these considerations, it seems likely that the observa- 
tions on TGF-/3 priming reported here are physiologically relevant. 
One possibility not addressed in these studies is that IL-4 and 
EFN-7 also regulate TGF-/3 production by non-T cells. This could 
occur, since, as shown in these studies, IL-4 and DFN--y regulate 
production of TGF-/3, and TGF-/3 has its own independent effects 
on TGF-/3 production even in non-T cells (33-35). Thus, even if a 
non-T cell lacks receptors for EL-4 or IFN-7, these cytokines could 
effect TGF-/3 production indirectly by TGF-/3 itself. 

To conclude, the studies reported here, defining the optimal con- 
ditions for the generation of TGF-/3-producing CD4 + T cells, may 
have important implications for the treatment of autoimmune dis- 
eases, especially those diseases mediated by excessive Thl re- 
sponses. Thus, since the inhibition of EL-12/IFN-7 production can 
lead to enhanced TGF-/3 and IL-4 production, short-term admin- 
istration of anti-IL-12 (or another IL-12 inhibitor) at the time of 
specific antigenic challenge may be an effective way to direct a 
specific T cell response away from Thl differentiation without at 
the same time causing long-term nonspecific immunosuppression 
that would impair the generation of a necessary Thl response to an 
intracellular pathogen. A response directed in this way could be 
particularly useful in the amelioration of autoimmune disease, 
since it has already been shown that, in experimental models of 
inflammatory bowel disease (37) or experimental autoimmune en- 
cephalomyelitis (38), administration of anti-IL-12 at the time of 
disease induction or even after the disease is established leads to 
abrogation of disease progression or even to resolution of disease. 
While it is believed that the chief mechanism of such resolution is 
the inhibition of the underlying Thl response, it is important to 
emphasize that the same anti-IL-12 treatment also leads to the 
generation of TGF-j3-producing cells, and thus it is possible that 
the disease is also being affected by the secretion of a suppressor 
cytokine. Finally, the demonstration that the outcome of oral Ag 
administration may be manipulated by coadministration of a cy- 
tokine antagonist (anti-IL-12) (18), coupled with the possibility 
derived from the studies reported here as well as recently con- 
ducted studies by Weiner and his colleagues (unpublished obser- 
vations) demonstrating that oral tolerance and TGF-/3 production 
are enhanced by coadministration of IL-4, suggests that oral tol- 
erance may indeed be manipulated to provide more effective ther- 
apy for autoimmune diseases. 
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